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Two phosphoenolpyruvate carboxylase (PEPC) kinase genes (PPCk1 and PPCk2) are present in the
Arabidopsis genome; only PPCk1 is expressed in rosette leaves. Homozygous lines of two indepen-
dent PPCk1 T-DNA-insertional mutants showed very little (dln1), or no (csi8) light-induced PEPC
phosphorylation and a clear retard in growth under our greenhouse conditions. A mass-spectrom-
etry-based analysis revealed signiﬁcant changes in metabolite proﬁles. However, the anaplerotic
pathway initiated by PEPC was only moderately altered. These data establish the PPCk1 gene product
as responsible for leaf PEPC phosphorylation in planta and show that the absence of PEPC phosphor-
ylation has pleiotropic consequences on plant metabolism.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction The N-terminal phosphorylation of PEPC is believed to play aVarious protein kinases have been shown to catalyse the N-ter-
minal phosphorylation of phosphoenolpyruvate carboxylase
(PEPC, EC 4.1.1.31) in vitro: a calcium-dependent protein kinase
[1,2], the catalytic subunit of the mammalian protein kinase A
[3] and a calcium-independent protein kinase named PEPCk
[1,4], which was considered to be the PEPC kinase acting in planta.
The PEPCk is a small (32 kDa), very low-abundance protein con-
trolled at the turnover level in leaves of C4, crassulacean acid
metabolism (CAM) and C3 plants [4]. Recent results have shown
that it is encoded by a small gene family with variable expression
in relation to plant organ and environmental factors [4–10]. Two
genes, At1g08650 (PPCk1) and At3g04530 (PPCk2), with a single
intron located close to the 30 end, have been identiﬁed in the Ara-
bidopsis genome. RT-PCR experiments have shown that PPCk1 is
mainly expressed in leaves, while PPCk2 is more expressed in
roots and ﬂowers [8].chemical Societies. Published by E
xylase; PEPCk, PEPC kinase;
-PEPC, phosphorylated-PEPC;crucial role in regulating the enzyme activity (higher activity and
lower sensitivity to L-malate at the physiological pH) and, thus,
carbon assimilation (C4 and CAM) and carbon ﬂux through the ana-
plerotic pathway. However, CO2 assimilation rates were not af-
fected in transgenic lines of the C4 species Flaveria bidentis
deprived of the PEPCk and containing low levels of phosphorylated
C4-PEPC [11]. This surprising result raised the question of the phys-
iological role of the modulation process in plants.
The goal of the present work was to clarify the role of PEPC
phosphorylation in the context of the anaplerotic pathway in ro-
sette leaves of the C3 plant Arabidopsis [12]. This has been assessed
following the isolation and the molecular characterization of two
independent homozygous PPCk1 insertional mutant lines.
2. Materials and methods
2.1. Plant material
Arabidopsis thaliana (ecotype Wassilevskija) was grown from
seed in a greenhouse (8 h photoperiod or 16 h photoperiod,
20 C day/18 C night) under 50 lE m2 s1 at the leaf level and
60% relative humidity, during the winter months. Plants were wa-
tered daily with standard nutrient solution: Hydrokani C2 (5 ml/L
of water: Hydro Agri France).lsevier B.V. All rights reserved.
Fig. 1. Position of the T-DNA in the PPCk1 gene and the primers used for RT-PCR
analyses. In dln1 the T-DNA is inserted in the unique intron (30 bp after the
beginning of the intron) of the gene. In csi8, the T-DNA is inserted 66 bp after the
start codon. The arrows indicate the position of the primers used to study PPCK1
expression in WT and mutant extracts by RT-PCR. E1, exon1; E2, exon2; I1, intron1;
RB, right border; LB, left border; UTR, untranslated region.
Fig. 2. Time course of PPCk1 transcript accumulation in leaves of Arabidopsis. Dark-
treated plants were illuminated (450 lE m2 s1; time 0) and RNA prepared from
leaves collected at the indicated time points. RT-PCR was performed by using
primers PK135 and PK31. Act: Actin II transcripts (primers: Act2up and Act2do)
were used as a control.
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Homozygous ppck1 mutant alleles (dln1 and csi8) were isolated
from the Versailles T-DNA mutant library (INRA Versailles, France)
by the successive PCR screening of available genomic DNA pools
using the following primers: PK5, 50-AAAGGTAGACCGACTCAA-
GAG-30; PK3, 50-CTCACATCCTTTTACTCACCCC-30; Tag5, 50-CTA-
CAAATTGCCTTTTCTTATCGAC-30. For dln1, segregation studies of
heterozygous plants based on kanamycin resistance showed a
Mendelian inheritance of the character and Southern experiments
detected the presence of a single Bar gene (data not shown). This
strongly indicates that the dln1 mutant contains a single insertion
in the genome. Southern experiments also showed the occurrence
of two T-DNA insertions in the csi8 DNA (data not shown). Since
both phenotypes (dln1 and csi8; see below) are very similar, this
suggests that the second insertion in csi8 genome is mostly neutral
with respect to the physiological context studied in this work.
Thus, the observed phenotype in both dln1 and csi8 can be attrib-
utable to the PEPCk1 mutation.
2.3. RNA extraction and RT-PCR experiments
Total RNA was extracted from 100 mg of frozen, powdered
leaves by the TRIzol method (Invitrogen). Reverse transcription
was performed with 1 lg total RNA, 200U MLV reverse transcrip-
tase RNase H minus (Promega) and associated buffer, 0.5 mM
dNTP, and either 10 lM 30 primer (PK31: 50-TCGCCAAACTCAGAAG-
CAG-30) or 10 lM oligodT primer, 1 h at 42 C. Subsequent PCR
experiments were performed using a thermocycler (GeneAmp
PCR system 9700, Applied biosystem) in a 20 lL ﬁnal volume con-
taining 1/10th of the reverse transcription product, 0.05U Taq poly-
merase (Qiagen) and associated buffer, Q buffer 1X, 1 mM MgCl2,
0.5 mM dNTP and 10 lM of the following primers: PK31 and
PK135 (50-AGCCGAACAAGCATTAGGG-30), to amplify the 30 region
of PPCk1; PK31 and PK15 (50-TGATATTATGACTTGCAGCC-30), to am-
plify the coding region of PPCk1; PK15 and PK3i (50-CTTTAGCCATA-
GATGAAACCC-30) to amplify the coding region up to the intron;
PK25 (50-CTGCAGAGGATGCTCTTC-30) and PK23 (50-ATTGCTGAAA-
CACACAAC-30) to amplify PPCk2. To amplify actin transcripts the
following primers were used: Act2up (50-TTCCCTCAGCACATTCCAG-
CAG-30) and Act2do (50-TTAACATTGCAAAGAGTTTCAAGG-30). After
5 min at 94 C, 35 PCR cycles were carried out: 45 s at 94 C, 45 s
at 55 C, 2 min at 72 C, then 7 min at 72 C.
2.4. Protein extraction and PEPC assays
Non-denaturing and denaturing protein extraction, determina-
tion of protein amounts, enzyme assays and malate effect were
as described in [13].
2.5. Phospho-protein puriﬁcation and PEPC detection by Western
blotting
Phospho-proteins were puriﬁed by afﬁnity chromatography
using the ‘‘Phospho-Protein Puriﬁcation Kit” (Qiagen) according
to [13]. Puriﬁed phospho-proteins were analyzed by SDS–PAGE
[14] and gel blotting. The PEPC was detected by the N-terminal
antibody (1/50 000 dilution) [15] and a peroxidase-based assay
‘‘Supersignal West Dura Signal” from Pierce.
2.6. Mass spectrometry (GC-TOF-MS) analysis
The extraction, metabolite derivatization, GC-TOF-MS, data pro-
cessing and analysis of the metabolite proﬁles were carried out as
described in [16]. Integrated peak areas were obtained after decon-
volution by the LECO PEGASUS III software. These were then nor-malized to the internal standard (ribitol) peak area for each
injection. To identify metabolites that showed signiﬁcant variation,
the centre-reduced values were subjected to ANOVA (P 0.05). Of
the 78 metabolites identiﬁed in Arabidopsis leaves, 20 showed sig-
niﬁcant inter-group variation.
3. Results and discussion
3.1. Characterization of leaf ppck1 insertional mutants
Homozygous lines of two independent mutants (dln1 and csi8)
were shown to have the T-DNA inserted in the intron (dln1:
30 bp after the beginning of the intron) and the ﬁrst exon (csi8:
66 bp after the translation start site) of the PPCk1 gene (Fig. 1).
PPCk1 transcripts were induced in leaves after an exposure to light,
with mRNA detected by RT-PCR after 30 min, after which the tran-
script levels remained relatively constant during the light period
(Fig. 2). Similar RT-PCR experiments carried out using RNA
extracted from illuminated plants (180 min after the start of the
light period) showed the absence of ‘‘full-length” PPCk1 transcripts
in the rosette leaves of dln1 plants (Fig. 3A, lane 4) compared to the
wild-type (WT) that exhibited PPCk1 mRNA (Fig. 3A, lane 2). Both
the mutant and WT leaves did not contain any detectable PPCk2
transcripts (not shown). However, when using appropriate DNA
primers (see Fig. 1), a truncated PPCk1 transcript presumably lack-
ing the small 48 bp coding sequence of the second exon was de-
tected (Fig. 3A, lane 3, and lane 1 as a control). For the csi8
mutant having a T-DNA inserted very close to the start codon of
the gene, no ‘full length’ PPCk1 transcripts were detected (Fig. 3B,
lane 2) when compared to the WT (Fig. 3B, lane 1).
3.2. In vivo PEPC phosphorylation
The malate test (based on the altered inhibition of PEPC
activity by malate after phosphorylation) strongly indicated the
absence of light-induced PEPC phosphorylation in both ppck1 mu-
Fig. 3. RT-PCR analysis of PPCk1 transcripts from wild-type and ppck1 rosette
leaves. (A) Wild type (lanes 1 and 2) and dln1 (lanes 3 and 4). RNA was extracted
from illuminated leaves and RT-PCR was performed using either PK15-PK3i (lanes 1
and 3) or PK15-PK31 (lanes 2 and 4) primers, as described in the Experimental
procedures. (B) Wild type (lane 1) and csi8 (lane 2). RT-PCR was performed using
PK15-PK31 primers. M: Molecular mass markers.
Fig. 4. Afﬁnity chromatography of the phosphorylated PEPC from rosette leaves of
Arabidopsis wild-type and ppck1 mutants. Protein extracts were prepared from
illuminated or darkened leaves by the denaturing protocol and subjected to
phospho-protein afﬁnity chromatography (1.5 mg of total proteins) as described in
the experimental procedures. Aliquots of crude extracts (50 lg of proteins) and
eluted fractions (10 lg of proteins) were submitted to SDS-PAGE. After transfer to a
PVDF membrane, the PEPC protein in crude extracts and the P-PEPC in eluted
fractions were detected using a PEPC N-terminal speciﬁc antibody and revealed by
ECL.
Fig. 5. Developmental phenotype of ppck1 plants. The photographs shows the
difference in rosette size of WT and mutant plants (A) and the quantiﬁcation by the
measurement of rosette diameter (B) (means of 40 plants at three time points after
sowing).
P. Meimoun et al. / FEBS Letters 583 (2009) 1649–1652 1651tants (IC50 malate: WT: 0.2 mM; dln1: 0.08 mM; csi8: 0.08 mM).
In a previous work, phospho-protein afﬁnity chromatography
(using Qiagen afﬁnity columns) combined with gel blot and mass
spectrometry analyses showed that phosphorylated PEPC (P-
PEPC) could be efﬁciently separated from non-P-PEPC forms
[13]. When denatured protein extracts were applied to the col-
umn high amounts of P-PEPC were found in the case of illumi-
nated WT leaves, as expected; it was very low (dln1), or
undetectable (csi8) in the case of the mutants, though the amount
of total PEPC protein loaded on the column was similar (Fig. 4).
The very low quantity of P-PEPC detected in dln1 could be due
to the fact that a truncated PEPCk1 retains some activity. These
ﬁndings deﬁnitely establish that PEPCk1 is the unique protein ki-
nase that controls the light-dependent increase in PEPC phos-
phorylation in Arabidopsis rosette leaves.
3.3. Effect of the mutation on plant development and metabolite levels
Under our greenhouse conditions during the winter months,
both ppck1 mutants exhibited a slower growth as seen by rosette
diameter (Fig. 5) and a retard in ﬂowering time as shown in the
delay of ﬂoral stem growth when the plants were placed under
long-day conditions (Fig. 6). A mass-spectrometer-based metabo-
lite proﬁle analysis was subsequently performed on rosette leaves
from ﬁve plants harvested (quickly frozen) in the middle of the
light period. This revealed multiple impacts of the mutation on
several pathways of primary and secondary metabolism. PCA
and ANOVA analyses showed that 20 out of 78 metabolite levels
showed statistically signiﬁcant alterations (see selected metabo-
lites in Table 1). In primary metabolism, they mainly concerned
(Table 1): the photorespiratory pathway with decreased content
of glycolate and glycine, and an increase in serine which leads
the gly/ser ratio to decrease. Such change in this ratio may indi-
cate that the pathway ﬂux is increased in mutant leaves [16,17].
This hypothesis is supported by a decrease in glucose and sucrose
that reﬂects a limitation in carbon ﬂux through the Rubisco and
the photosynthetic pathway. Also, one clear result is the strong
decrease in the Krebs cycle intermediates, succinate and fumarateFig. 6. Flowering time phenotype of ppck1 plants. After 6 weeks of culture, plants
were transferred to long-day conditions to induce ﬂowering. Floral stem develop-
ment (A) and its quantiﬁcation (means of 40 plants) at two time points after ﬂoral
induction (B).
Table 1
Comparative analysis of metabolite levels in wild-type and ppck1 mutant rosette
leaves. Values are the mean of six independent measurements (six different
individuals) ± S.E. Metabolites that are signiﬁcantly different (MEV-ANOVA) to the
wild-type (WT) are indicated in bold. The list of metabolites is limited to those that
are discussed in the text. All values are relative to the added standard (see Section 2).
Metabolite WT Se dlnl Se csi8 Se
PEPC-related, anaplerotic pathway and Krebs cycle
Aspartate 3.560 0.400 4.040 0.690 3.490 0.740
L-malate 1.810 0.290 1.430 0.220 1.110 0.240
Citric acid 1.260 0.230 1.390 0.250 1.000 0.240
Glutamine 0.410 0.086 0.330 0.049 0.380 0.050
Glutamic acid 1.590 0.160 2.040 0.300 1.680 0.190
Succinic acid 0.840 0.080 0.430 0.040 0.480 0.030
Fumaric acid 62.200 7.990 36.200 4.720 34.300 5.780
Photorespiratory pathway
Glycolic acid 0.123 0.008 0.085 0.009 0.088 0.004
Glycine 9.690 1.140 3.610 0.370 7.340 0.690
Serine 4.560 0.360 8.190 1.140 5.770 0.170
Glyceric acid 0.187 0.020 0.159 0.014 0.216 0.009
Sugar pathway
Sucrose 17.700 2.280 13.270 0.980 13.070 1.010
Glucose 8.940 0.840 5.680 0.980 5.920 0.680
Fructose 7.750 0.890 6.050 1.480 6.090 0.750
Secondary metabolism
Quinic acid 0.050 0.010 0.028 0.004 0.016 0.001
P-hydroxybenzoic acid 0.230 0.027 0.123 0.017 0.105 0.003
Caproic acid 0.302 0.057 0.153 0.023 0.140 0.007
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signiﬁcant decrease, and citrate was comparable to the WT. Thus,
surprisingly, the upstream part of the cycle leading to 2-oxoglu-
tarate formation (the carbon skeletons required for amino acid
synthesis in the chloroplasts) remained unchanged, while metab-
olite content in the downstream part of the cycle was reduced.
The fact that glutamate and glutamine were also found to be un-
changed in the ppck1 mutants indicated that the anaplerotic path-
way was not affected. Altogether the results indicate that the
anaplerotic pathway is maintained at the expense of the Krebs
cycle activity. That the PEPC activity was little affected by the
mutation was also suggested by unchanged levels of aspartate
(stable), which derives from oxaloacetate (OAA) (unstable and
not detected in the metabolite proﬁles obtained by MS) by a
transamination reaction. Such perturbations of the Krebs cycle,
the photorespiratory pathway and sugars content could reﬂect a
depressed carbon economy and cellular energy status that may
account for the retarded growth and ﬂowering time of the mu-
tants (Figs. 5 and 6). Thus, the results lead to the astonishing con-
clusion that in Arabidopsis the inhibition of PEPC phosphorylation
has little or no effect on the metabolic ﬂux through the anaple-
rotic pathway. Similarly, in transgenic C4 plant Flaveria bidentis
where antisense/RNAi technology was used with success to inhi-
bit PEPCk activity and PEPC phosphorylation, no alteration of the
functioning of C4 photosynthesis was observed [11]. In Arabidop-
sis, however, several pathways are clearly perturbed and it can be
hypothesized that leaf PEPCk1 has several targets in addition to
PEPC. Further work is needed to clarify the physiological role of
PEPC phosphorylation and the speciﬁcity of the kinase.Acknowledgments
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